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■ Cherenkov telescopes and HESS  (High Energy Stereoscopic System) 

■ Constraints on Dark Matter in Dwarf Galaxies 

■ Constraints on Dark Matter in the Galactic Center 
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Imaging Air Cherenkov 
Telescopes
■ High energy particles generate 

extended air showers in the 
atmosphere.  

■ IACTs observe the fast (~10 ns) 
pulse of Cherenkov radiation 
emitted by particles in the shower, 
producing an image of the shower.  

■ From the shape, size and height of 
the shower image, estimates of 
energy and direction are made.  

■ If multiple telescopes observe the 
shower, a stereoscopic image 
enhances the reconstruction. 

3

6 F. Aharonian et al.: Observations of the Crab Nebula with H.E.S.S.

Direction
True

Major Axis

Reconstructed
Direction

Distance

Camera centre

Telescope 2 Image

Telescope 1 Image

Width
Length

Fig. 5. Definition of simple Hillas parameters, calculated for
a γ-ray image, which may be approximated as an ellipse.
Important parameters for this analysis are the width, length,
distance. An image from a second telescope is superimposed
to demonstrate the geometrical technique for source position
reconstruction. The parameter θ, which is the magnitude of the
angular offset in shower direction reconstruction, is also shown.

4. Analysis

After a set of images of an air shower has been recorded, they
are processed to measure Hillas parameters based on the sec-
ond moments of the image (Hillas, 1985). These parameters
are then used for event selection and reconstruction. A diagram
illustrating the parameter definitions is shown in Figure 5.

4.1. Image cleaning and moment analysis

The first step in the moment analysis procedure is image clean-
ing. This is required in order to select only the pixels contain-
ing Cherenkov light in an image. Other pixels, which contain
mainly night sky background (NSB) light are not used in the
analysis. Images are cleaned using a two-level filter, requiring
pixels in the image to be above a lower threshold of 5 p.e. and
to have a neighbour above 10 p.e., and vice versa. Cleaning
thresholds of 4 p.e. and 7 p.e. have also been shown to work
satisfactorily, but may be more sensitive to uncertainties due
to NSB light variations. This method selects spatially corre-
lated features in the image, which correspond to air shower
Cherenkov light. This method tends to smooth out shower fluc-
tuations in a simple and repeatable manner.

After image cleaning, an image of a γ-ray shower approx-
imates a narrow elliptical shape, while images of background
hadronic events are wider and more uneven. The Hillas param-
eters are then calculated for each cleaned image; these parame-
ters are the basis for event selection. The total amplitude of the
image after cleaning is also calculated, along with the mean
position of the image in the camera, which corresponds to the
centroid of the ellipse.
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Fig. 6.Distribution of excess events in θ2 for the complete Crab
data set, after event selection and background subtraction. The
Monte Carlo derived point-spread function described in equa-
tion 1 is also shown, normalised to the excess distribution. The
vertical lines denote the θ2 selection cuts listed in Table 2.

4.2. Stereo reconstruction

The arrival direction of each event is reconstructed by trac-
ing the projected direction of the shower in the field of view
(which corresponds to the major axis of the image) to the point
of origin of the particle. For stereo observations it is possible
to intersect the major axes of the shower images in multiple
cameras, providing a simple geometric method of accurately
measuring the shower direction; more details, including meth-
ods to further improve the reconstruction accuracy are given
by Hofmann et al. (1999), method I from that paper is used
here. Images are only used in the stereo reconstruction if they
pass the selection cuts on distance (to avoid camera-edge ef-
fects) and image intensity. If less than two telescope images
pass these cuts the event is rejected.

Figure 6 shows the excess distribution of θ2 for data sets
I-III, including events with two, three and four telescopes; θ
is defined in Figure 5, it is the angular offset between the re-
constructed shower direction and the true direction of the Crab
nebula. The distribution of reconstructed shower directions is
usually expressed in units of θ2, as this ensures a constant solid
angle on the sky per bin. The value of the cut on reconstructed
shower direction is thus given in units of degrees2 in Table 2 for
various sets of selection cuts, and plotted in Figure 6. A strong
excess is seen close to zero, corresponding to events coming
from the direction of the Crab nebula. This distribution defines
the accuracy in the reconstructed arrival directions for γ-ray
events from a point source and is described by the point spread
function (PSF). This function can be approximated by the sum
of two, one-dimensional Gaussian functions:
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R (kpc) JEinasto
ON JEinasto

OFF JNFW
ON JNFW

OFF

0 2167 268 559 78

0.5 1036 268 256 78

0.75 636 268 165 78

1 426 255 117 75

2 138 126 46 43

TABLE I. Field of view averaged astrophysical factors for the
signal (subscript ON) and for the livetime weighted average
of the two background regions (subscript OFF). The values
are in units of GeV2 cm−6 kpc and are tabled for Einasto and
NFW profiles as a function of the radius (R) of the central
dark matter core.

without the assumption of a centrally cusped dark matter
density distribution in the search region. However, these
limits are one order of magnitude less constraining than
the current best limits for cusped dark matter density
distributions (see Fig. 4) and two order of magnitudes
weaker than the expectation for thermal relic dark mat-
ter (see e.g. [1]).
For core radii different from 500 pc, the upper limit on the
velocity averaged dark matter self annihilation cross sec-
tion scales like ⟨σv⟩R = (∆J500pc/∆JR) ⟨σv⟩500pc where
∆J denotes the difference between the field of view aver-
aged astrophysical factors in the signal and background
region and the subscript is equal to the core radius. The
field of view averaged astrophysical factors in the signal
and background region of the considered ON/OFF anal-
ysis for different core radii are listed in table I. The upper
limits on ⟨σv⟩ increase by a factor of 2 (5) if the radius
of the central core of constant dark matter density is 750
pc (1 kpc) when compared to a core radius of 500 pc.

SUMMARY

A search for a signal from annihilating dark matter
around the Galactic center was performed. For this pur-
pose, data that were acquired in dedicated ON/OFF ob-
servations of the Galactic center region with H.E.S.S.
were analyzed. No significant signal was found. The
employed observation technique enabled the derivation
of upper limits on ⟨σv⟩ that are significantly more con-
servative in respect to the distribution of dark matter in
the Galactic center region than previous constraints. In
particular, the constraints apply also under the assump-
tion of a core of constant dark matter density around the
Galactic center. If the dark matter density in the central
500 pc around the Galactic center is constant and fol-
lows outside of the core radius an Einasto profile, values

of ⟨σv⟩ that are larger than 3 ·10−24 cm3/s were excluded
for dark matter particle masses between ∼ 1 and ∼ 4
TeV at 95% CL. This is currently the best constraint on
⟨σv⟩ that has been derived without the assumption of a
centrally cusped dark matter density distribution in the
search region.
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HESS (High Energy 
Stereoscopic System):
■ The HESS I array consists of 4 12-

meter telescopes in the Khomas 
Highlands in Namibia, 1800 asl. 

■ PMTs are used to read the short 
pulses of Cherenkov light.  

■ The telescopes are triggered in 
coincidence-more than two 
telescopes rise above the 
threshold. 

■ The fiducial field of view (chosen to 
avoid truncated shower images) is 
2° in radius. 
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Instrument Response

■ The efficiency of HESS is 
expressed as the effective area it 
presents to gamma-rays 

■ The HESS-1 array observes 
gamma-rays above approximately 
300 GeV, increasing to 
~100000m^2 at TeV energies for 
standard analyses.  

■ At higher zenith angles, the energy 
threshold increases, while the 
effective area to the highest energy 
increases.  

■ Misidentified protons and electrons 
is a large background. The cuts 
chosen are a compromise. 
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Fig. 13. The effective collecting area of the full H.E.S.S. array versus energy a) as a function of true Monte Carlo energy and b)
as a function of reconstructed energy for observations at zenith angles of 20◦, 45◦, and 65◦. The vertical lines denote the safe
energy thresholds for each zenith angle, increasing in zenith angle from left to right.

simulations to match that of the data, this is discussed further
below. The effective areas as a function of true energy and re-
constructed energy (for the standard selection cuts) are shown
in Figure 13 for three zenith angles. As the effective area of
the telescope system depends strongly on the zenith angle of
the observations, it is determined for a range of angles and the
value for a particular energy and zenith angle is determined
by linear interpolation in log(E) and cos(Z) (Aharonian et al.,
1999a).

In order to simplify the application of the optical correc-
tion discussed in section 3.4, this correction is not applied in
estimation of the effective area for each event. Since the dis-
tribution of Cherenkov light scales with the shower energy to
a good approximation, the detection probability and hence the
effective area depends primarily on the amount of light arriving
at the camera, and not on the absolute energy of the γ-ray. Thus
it is not necessary to recalculate the effective area lookup tables
when the actual optical efficiency changes by a small amount.
For larger changes this correction breaks down due to effects
of the system trigger on events near the energy threshold. The
selection cuts are made using the image intensity without op-
tical correction, and the corrected intensity is only applied in
the energy estimation. This method has been tested on Monte
Carlo simulated sources with reduced optical efficiency, and it
was verified that the correct flux is reconstructed.

Instead of using the safe energy threshold as introduced
above, the energy threshold for a set of observations has also
been commonly defined as the peak in the differential rate vs.
energy curve (Konopelko et al., 1999). This is formed by fold-
ing the effective area curve, as plotted in Figure 13(a) with the

expected γ-ray flux from the source. This energy threshold is
generally slightly lower than the safe threshold defined above,
which is designed to ensure an accurate spectral reconstruction.
There may even be a significant γ-ray signal below the safe
threshold. The vertical lines in Figure 13 define the safe en-
ergy thresholds for each zenith angle. Figure 14 shows the pre-
dicted peak-rate energy threshold and γ-ray rate for a Crab-like
source, based on simulations and projection from the Crab flux
as measured by the HEGRA collaboration (Aharonian et al.,
2000). Table 3 gives the pre-cut energy threshold as a func-
tion of zenith angle, along with the equivalent after the various
selection cuts. It should be noted that the energy threshold, by
this definition, depends on the spectrum of the source.

The effective area also varies with the position of the source
in the field of view of the instrument. As larger energy show-
ers are preferentially detected at higher impact distances, they
appear closer to the edge of the field of view. Thus truncation
of images for sources closer to the edge of the field of view
tends to reject events at higher energies. Monte Carlo simula-
tions are made at a range of source offset positions in order to
make effective area curves and the effective area is interpolated
for a particular observation. Table 3 also shows the event rates
before selection cuts and after each of the selection cuts de-
scribed above, as a function of zenith angle for a source similar
in flux to the Crab nebula. These predictions are based on the
effective areas estimated for a source offset by 0.5◦ from the
observation position. The cut efficiencies in each case are also
shown, with the (peak rate) energy thresholds.
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limits on ⟨σv⟩ increase by a factor of 2 (5) if the radius
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pc (1 kpc) when compared to a core radius of 500 pc.

SUMMARY

A search for a signal from annihilating dark matter
around the Galactic center was performed. For this pur-
pose, data that were acquired in dedicated ON/OFF ob-
servations of the Galactic center region with H.E.S.S.
were analyzed. No significant signal was found. The
employed observation technique enabled the derivation
of upper limits on ⟨σv⟩ that are significantly more con-
servative in respect to the distribution of dark matter in
the Galactic center region than previous constraints. In
particular, the constraints apply also under the assump-
tion of a core of constant dark matter density around the
Galactic center. If the dark matter density in the central
500 pc around the Galactic center is constant and fol-
lows outside of the core radius an Einasto profile, values

of ⟨σv⟩ that are larger than 3 ·10−24 cm3/s were excluded
for dark matter particle masses between ∼ 1 and ∼ 4
TeV at 95% CL. This is currently the best constraint on
⟨σv⟩ that has been derived without the assumption of a
centrally cusped dark matter density distribution in the
search region.
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Selected Dark Matter Searches with HESS

■ Constraints on an Annihilation Signal from a Core of Constant Dark Matter Density 
around the Milky Way Center with H.E.S.S 

▪ Phys. Rev. Lett. 114 (2015) 081301  

■ Search for dark matter annihilation signatures in H.E.S.S. observations of Dwarf 
Spheroidal Galaxies 

▪ Phys. Rev. D 90 (2014) 112012  

■ Search for photon line-like signatures from Dark Matter annihilations with H.E.S.S 

▪ Phys. Rev. Lett. 110 (2013) 041301 

■ Search for a Dark Matter annihilation signal from the Galactic Center halo with 
H.E.S.S. 

▪ Phys. Rev. Lett. 106 (2011) 161301  

■ Search for Dark Matter Annihilation Signals from the Fornax Galaxy Cluster with 
H.E.S.S 

▪ Astrophys. Journal 750 (21012) 123
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Search for dark matter annihilation signatures in H.E.S.S. 
observations of dwarf spheroidal galaxies

7

Phys. Rev. D 90, 112012 (2014)
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Search for dark matter annihilation signatures in H.E.S.S. 
observations of dwarf spheroidal galaxies

■ Satellites of the Milky way- ~100 kpc away 

■ Dwarf Spheroidal galaxies are thought to be 
dark matter dominated- mass up to 100 times 
what is expected from the luminosity 

■ Low astrophysical background 
▪ I.e. little star formation, dust etc.  

■ Dark matter content may be inferred from 
stellar measurements. 
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Selected Dwarf Galaxies

■ Five dSphs were observed, with a total of 140 hours of observation time.  

■ 90 h on Sagittarius 
▪ Nearest dSph (25 kiloparsec) 

▪ Very tidally disrupted- a ring of stars stripped off wrap around the Milky way 

■ 8 h on Coma Bernice- a faint dSph at 44 kpc 

■ 6 on Fornax at 140 kpc 

■ Carina and Sculptor are luminous dSphs, previously studied by HESS

9

7

)2 (deg

 E
ve

nt
s

2θ
0 0.02 0.04 0.06 0.08 0.10

20
40
60
80

100
120
140
160
180

200
220

Sgr (90 live hours)

FIG. 2: Left: significance skymap in equatorial coordinates. Right: ✓2 radial distribution of the ON events for gamma-ray-like
events from the Sgr target position. The estimated background is also shown by black crosses. No significant excess is seen
within an angular region around the source position of ✓  0.1�.

TABLE I: Summary of the observation conditions and data analysis results per each dSph: the average observational zenith
angle; the average minimum energy threshold (E

th

); the acceptance corrected livetime; the number of events detected in the
target region N

on

; the acceptance corrected exposure ratio ↵; the number of events detected in control regions N
o↵

; the resulting
significance �; the 95% C.L. upper limit on the total number of observed gamma-ray events N95%C.L.

� and, if the resulting
significance is negative, the average upper limit at 95% C.L., obtained with the expected background and no true excess signal
assumed, is also quoted.

dSph Mean Zenith (�) E
th

(GeV) Live-time (hrs) N
on

↵�1 N
o↵

� N95%C.L.
�

Sagittarius 15.99 196 90.0 820 17.94 13652 2.05 117.8

Coma Berenices 47.75 714 8.6 25 12.99 459 -1.78 5.8 (14.0)

Fornax 13.90 292 6.1 24 49.30 648 2.65 21.8

Carina 35.36 356 23.2 108 17.00 2031 -1.03 13.0 (24.5)

Sculptor 14.21 264 12.5 96 19.28 1909 -0.30 18.2 (22.4)

presented in [38] are utilised in order to estimate the
gamma-ray flux per DM annihilation at the source for
a few annihilation channels. In particular, the authors
provide fitting functions of dN i

�

/dx, where x = E

�

/m

�

,
for di↵erent DM mass ranges, the maximal mass value
being 8 TeV. In the following analysis, when consider-
ing DM particle masses m

�

> 8 TeV the fitting func-
tion corresponding to m

�

= 8 TeV will be employed. It
should be kept in mind that results for heavy DM masses
are anyway only indicative, since significant corrections
are expected to the tree-level two-body final state con-
tribution typically included in theoretical cross-sections
calculations [43, 44].

When the final state consists of light leptons, the
gamma-ray production mechanism di↵ers from the one
described previously and is dominated by final state ra-
diation (FSR) of photons with, in the case of muons, an
additional contribution arising from radiative muon de-
cay into electrons. The authors of [38] provide results for
both the e+e� and the µ+

µ

� final states, which are used
in this analysis. In a variety of models however, e.g. in
leptophilic models of heavy DM with light mediators �

resulting in a large Sommerfeld enhancement of h�annvi,

DM can annihilate into a four-lepton final state through
light mediator pair production as �� ! �� ! l

+
l

�
l

+
l

�.
In this case, the gamma-ray spectrum per DM annihila-
tion is estimated analytically in the following way:

• In the case of a four-electron final state, gamma
rays arise as a result of FSR from the final state lep-
tons. This e↵ect can be adequately described in the
mediator � rest frame by the Weizsäcker-Williams
approximation and is given, for collinear photon
emission, by the Altarelli-Parisi splitting function.
The total spectrum can then be calculated by per-
forming a Lorentz boost of the resulting gamma-ray
distribution to the DM rest frame, which essentially
coincides with the interstellar medium rest frame.

• In the case of a four-muon final state, in addition
to the above FSR contribution, there is also the
spectrum coming from radiative muon decays, see
e.g. [45]. It can induce a non-negligible contribu-
tion to the total gamma-ray spectrum which, for
mediator masses m

�

of O(1GeV) and DM masses
of O(10TeV), can be as large as 20 � 30% [15]. A
first Lorentz boost allows one to go to the mediator
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gamma-ray flux per DM annihilation at the source for
a few annihilation channels. In particular, the authors
provide fitting functions of dN i

�

/dx, where x = E

�

/m

�

,
for di↵erent DM mass ranges, the maximal mass value
being 8 TeV. In the following analysis, when consider-
ing DM particle masses m

�

> 8 TeV the fitting func-
tion corresponding to m

�

= 8 TeV will be employed. It
should be kept in mind that results for heavy DM masses
are anyway only indicative, since significant corrections
are expected to the tree-level two-body final state con-
tribution typically included in theoretical cross-sections
calculations [43, 44].

When the final state consists of light leptons, the
gamma-ray production mechanism di↵ers from the one
described previously and is dominated by final state ra-
diation (FSR) of photons with, in the case of muons, an
additional contribution arising from radiative muon de-
cay into electrons. The authors of [38] provide results for
both the e+e� and the µ+

µ

� final states, which are used
in this analysis. In a variety of models however, e.g. in
leptophilic models of heavy DM with light mediators �

resulting in a large Sommerfeld enhancement of h�annvi,

DM can annihilate into a four-lepton final state through
light mediator pair production as �� ! �� ! l

+
l

�
l

+
l

�.
In this case, the gamma-ray spectrum per DM annihila-
tion is estimated analytically in the following way:

• In the case of a four-electron final state, gamma
rays arise as a result of FSR from the final state lep-
tons. This e↵ect can be adequately described in the
mediator � rest frame by the Weizsäcker-Williams
approximation and is given, for collinear photon
emission, by the Altarelli-Parisi splitting function.
The total spectrum can then be calculated by per-
forming a Lorentz boost of the resulting gamma-ray
distribution to the DM rest frame, which essentially
coincides with the interstellar medium rest frame.

• In the case of a four-muon final state, in addition
to the above FSR contribution, there is also the
spectrum coming from radiative muon decays, see
e.g. [45]. It can induce a non-negligible contribu-
tion to the total gamma-ray spectrum which, for
mediator masses m

�

of O(1GeV) and DM masses
of O(10TeV), can be as large as 20 � 30% [15]. A
first Lorentz boost allows one to go to the mediator
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FIG. 2: Left: significance skymap in equatorial coordinates. Right: ✓2 radial distribution of the ON events for gamma-ray-like
events from the Sgr target position. The estimated background is also shown by black crosses. No significant excess is seen
within an angular region around the source position of ✓  0.1�.

TABLE I: Summary of the observation conditions and data analysis results per each dSph: the average observational zenith
angle; the average minimum energy threshold (E

th

); the acceptance corrected livetime; the number of events detected in the
target region N

on

; the acceptance corrected exposure ratio ↵; the number of events detected in control regions N
o↵

; the resulting
significance �; the 95% C.L. upper limit on the total number of observed gamma-ray events N95%C.L.

� and, if the resulting
significance is negative, the average upper limit at 95% C.L., obtained with the expected background and no true excess signal
assumed, is also quoted.

dSph Mean Zenith (�) E
th

(GeV) Live-time (hrs) N
on

↵�1 N
o↵

� N95%C.L.
�

Sagittarius 15.99 196 90.0 820 17.94 13652 2.05 117.8

Coma Berenices 47.75 714 8.6 25 12.99 459 -1.78 5.8 (14.0)

Fornax 13.90 292 6.1 24 49.30 648 2.65 21.8

Carina 35.36 356 23.2 108 17.00 2031 -1.03 13.0 (24.5)

Sculptor 14.21 264 12.5 96 19.28 1909 -0.30 18.2 (22.4)

presented in [38] are utilised in order to estimate the
gamma-ray flux per DM annihilation at the source for
a few annihilation channels. In particular, the authors
provide fitting functions of dN i

�

/dx, where x = E

�

/m

�

,
for di↵erent DM mass ranges, the maximal mass value
being 8 TeV. In the following analysis, when consider-
ing DM particle masses m

�

> 8 TeV the fitting func-
tion corresponding to m

�

= 8 TeV will be employed. It
should be kept in mind that results for heavy DM masses
are anyway only indicative, since significant corrections
are expected to the tree-level two-body final state con-
tribution typically included in theoretical cross-sections
calculations [43, 44].

When the final state consists of light leptons, the
gamma-ray production mechanism di↵ers from the one
described previously and is dominated by final state ra-
diation (FSR) of photons with, in the case of muons, an
additional contribution arising from radiative muon de-
cay into electrons. The authors of [38] provide results for
both the e+e� and the µ+

µ

� final states, which are used
in this analysis. In a variety of models however, e.g. in
leptophilic models of heavy DM with light mediators �

resulting in a large Sommerfeld enhancement of h�annvi,

DM can annihilate into a four-lepton final state through
light mediator pair production as �� ! �� ! l

+
l

�
l

+
l

�.
In this case, the gamma-ray spectrum per DM annihila-
tion is estimated analytically in the following way:

• In the case of a four-electron final state, gamma
rays arise as a result of FSR from the final state lep-
tons. This e↵ect can be adequately described in the
mediator � rest frame by the Weizsäcker-Williams
approximation and is given, for collinear photon
emission, by the Altarelli-Parisi splitting function.
The total spectrum can then be calculated by per-
forming a Lorentz boost of the resulting gamma-ray
distribution to the DM rest frame, which essentially
coincides with the interstellar medium rest frame.

• In the case of a four-muon final state, in addition
to the above FSR contribution, there is also the
spectrum coming from radiative muon decays, see
e.g. [45]. It can induce a non-negligible contribu-
tion to the total gamma-ray spectrum which, for
mediator masses m

�

of O(1GeV) and DM masses
of O(10TeV), can be as large as 20 � 30% [15]. A
first Lorentz boost allows one to go to the mediator
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Dwarf Galaxy J-factors

■ The flux of photons from dark 
matter coannihilation may be split 
in a particle physics and J-factor. 

■ The J-factor represents the line-of-
sight integral of the dark matter 
density.  
▪ Dark matter density squared in the 

case of coannihilation 

■ For dSphs, J-factors are computed 
using kinematic measurements of 
the stars.  
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FIG. 1: Significance distributions and corresponding Gaus-
sian fits over the camera field of view for the five analyzed
dSphs. No significant excess is seen at the nominal target
positions.

• the DM density distribution at the source (here-
after referred to as “halo profile”);

• the solid angle �⌦ within which the signal is inte-
grated along the line of sight of the observer;

• the interstellar gas density and radiation den-

sity, concerning the gamma rays induced by
DM-produced secondary e

± losing energy by
inverse Compton scattering and relativistic
bremsstrahlung. Usually, the resulting radiation
falls well below the energy threshold of Cherenkov
telescopes [36] and it will be ignored in the follow-
ing. Here only primary gamma-ray emission from
⇡

0 ! �� will be considered.

The di↵erential flux is hence usually factorized as:

d�
�

dE

�

(E
�

,�⌦) = �pp(E
�

)⇥ J(�⌦)�⌦, (1)

where the first factor (�pp) encodes information on the
underlying particle physics DM model, while the second
factor (hereafter referred to as J-factor) depends on the
astrophysical DM density distribution at the source.

The particle physics factor can be written as:

�pp =
d�

�

dE

�

=
1

8⇡

h�annvi
m

2
�

⇥ dN

�

dE

�

, (2)

where h�annvi is the total velocity-averaged self-
annihilation cross-section, m

�

is the WIMP particle
mass, and dN

�

/dE

�

is the di↵erential gamma-ray spec-
trum per WIMP annihilation.
The velocity-averaged annihilation cross-section

h�annvi can be computed within the framework of each
specific particle physics model providing a DM candi-
date. A rough estimate for its magnitude in thermal
prediction scenarios is given by the well-known value
h�annvi ⇠ 3⇥ 10�26 cm3 s�1 [37].
The di↵erential gamma-ray spectrum per WIMP anni-

hilation depends on the composition of the primary DM
annihilation products. It can be written as

dN

�

dE

�

=
X

i

B

i

dN

i

�

dE

�

(3)

where B

i

and dN

i

�

/dE

�

are the branching fractions into
the i-th final state and its respective gamma-ray yield.
The composition of the final state particles, which can
either be Standard Model particles or more exotic states,
is also model-dependent and constitutes one of the major
particle physics uncertainties.

A. The particle physics factor

In the case of massive gauge or Higgs bosons, quark
and ⌧ final states, gamma rays are produced mainly
through the decay and hadronization of the annihila-
tion products. In recent years, significant e↵ort has
been devoted to provide more accurate calculations of
the gamma-ray yield of such final state particles [38, 39],
taking advantage of the respective evolution of Monte
Carlo event generators [40–42]. In this work, the results

8

rest frame, a second one to the DM rest frame and
compute the relevant spectrum.

For the sake of brevity, the relevant analytical expressions
have been omitted. A fairly concise description can be
found in [15].

In what follows the following expression for the
gamma-ray yield (taken from [46]) will be moreover con-
sidered:

dN

�

dE

�

=
1

m

�

dN

�

dx

=

(
1

m

�

0.73e�7.8x

x

1.5 , ifx  1

0, otherwise
. (4)

This parametrisation tries to capture a representative
supersymmetric spectrum for neutralino DM annihilat-
ing in W

+
W

� and Z Z final state spectra. This ex-
pression will be used in addition to the other single-
particle final states in order to facilitate comparison with
previous studies. The final annihilation channel in bb̄,
parametrized according to [38], is also considered. The
di↵erent physical mechanisms translate into qualitatively
distinct gamma-ray spectra. Final states composed of
massive gauge or Higgs bosons and quarks yield gamma
rays through complex processes of hadronization and de-
cay of the annihilation products. This produces relatively
“soft” spectra albeit characterised by a relatively large
number of photons. FSR emission instead is relatively
hard, but a higher order process in perturbation theory
and corresponds to a significantly reduced normalisation
in the number of photons. Moreover, for kinematic rea-
sons, the gamma-ray spectrum from a four-lepton final
state is softer than that from a two-lepton final state,
and the centre of mass energy associated to the lepton
production process is the moderate one of the mediator
mass, reducing further the photon yield. Finally, since ⌧

leptons possess both hadronic and leptonic decay modes
with comparable branching ratios, the ⌧⌧ channel cor-
responds to an intermediate situation between the two
extreme spectra mentioned above.

B. The astrophysical factor

The expected di↵erential flux of gamma rays from DM
particle annihilation depends also on the astrophysical
factor J . This factor is defined as the integral along the
line of sight of the squared density of the DM distribution
in the observed object and it is averaged over the solid
angle of the observation, as

J =
1

�⌦

ZZ

�⌦

⇢

2
DM(l,⌦)dld⌦. (5)

In this work a solid angle �⌦ = 10�5 sr is considered,
consistent with the point-spread function of the instru-
ment as achieved in the analysis [29], since a signal from
an almost point-like source is sought for.

For the five dwarf galaxies considered, the DM mass
densities were derived following [47]. In this work, a

Bayesian two-level likelihood analysis is performed, en-
abling to simultaneously constrain the properties of in-
dividual dSphs of the local group, as well as those of
the entire MW satellites population. The bottom-level
describes the astrophysical properties of each individual
dSph and its underlying DM potential: the total set of
observables are the line-of-sight velocities, metallicites,
and positions of individual stars in the galaxy, as well as
the total galaxy luminosity. The top-level describes the
overall distribution of halo properties. The total model
parameter set is composed of the stellar profile, DM pro-
file, and stellar velocity anisotropy parameters.

Many questions in galaxy formation are a↵ected by
limited knowledge of the stellar velocity dispersion
anisotropy and the limited ability to quantify the amount
of DM in the outer parts of elliptical galaxies. It has
been shown that for each dispersion-supported galaxy,
there exists one radius, the (3D) stellar half-light radius,
within which the integrated mass as inferred from the
line-of-sight velocity dispersion is largely insensitive to
stellar velocity dispersion anisotropy. Within this radius
the mass is well characterised by a simple formula that
depends only on quantities that may be inferred from ob-
servations [48]. The prior probability which constraints
the bottom-level observables is based on the basic as-
sumption that the satellite galaxies share this underlying
property. Using this approximation for each dSph, the
bottom-level data set is consequently composed of the
mass enclosed within the half-light radius, the measured
half-light radius, the total luminosity and their associated
errors. Further prior assumptions are that: the enclosed
mass is dominated by the DM contribution; a log-log
profile-independent relationship is applied between the
maximum circular velocity and radius corresponding to
this velocity [47]. Finally the underlying DM density
profiles ⇢DM are parametrised through any model. These
sets of data are then in turn constrained by the top-level
likelihood.

It has proved hard to distinguish the structure of the
DM halo, especially at small radii. The available observa-
tional evidence for Carina [49], Fornax and Sculptor [50]
tended to suggest that the DM density was shallower
than the 1/r density cusp, while observed velocity dis-
persion profiles and cored light distributions were likely
to be consistent with DM halos with both central cores
and cusps. Some recent works [51–53] have modelled sep-
arately the velocity dispersion profiles of di↵erent metal-
poor and metal-rich star populations contained in the
dSphs. They all conclude that the data tend to privilege
cored DM haloes than cusped one. For the five dSphs ex-
amined in this analysis, two di↵erent distributions of DM
particles in dSphs, a NFW [54] and a Burkert [55] profile,
are considered. While the first presents a cusp structure
in the central halo region, the latter corresponds to an
empirical form of the DM particle distribution, based on
observed rotation curves of dSphs and larger galaxies,
which resembles an isothermal distribution with a cen-
tral core.
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Pointing

■ Five dwarf galaxies were selected 
for study.  

■ The DSphs were observed using 
Wobble observations where the 
field of view is divided into on and 
off regions (right).   

■ A 0.1° angular cut (~spatial 
resolution) is applied as dSphs are 
point sources for HESS. 

■ A large number of off regions may 
be constructed- between 10 and 50 
depending on the pointing offset. 
This allows for a robust 
background estimation. 
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Significance distributions

■ The significance distributions for all five dwarves (right) fit a 
normal distribution well, as would be expected in the case 
of no signal 

■ In particular, the Sgr smoothed significance map (below) 
show no excess.  

■ This demonstrates that the background and signal regions 
are correctly normalized. 
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FIG. 2: Left: significance skymap in equatorial coordinates. Right: ✓2 radial distribution of the ON events for gamma-ray-like
events from the Sgr target position. The estimated background is also shown by black crosses. No significant excess is seen
within an angular region around the source position of ✓  0.1�.

TABLE I: Summary of the observation conditions and data analysis results per each dSph: the average observational zenith
angle; the average minimum energy threshold (E

th

); the acceptance corrected livetime; the number of events detected in the
target region N

on

; the acceptance corrected exposure ratio ↵; the number of events detected in control regions N
o↵

; the resulting
significance �; the 95% C.L. upper limit on the total number of observed gamma-ray events N95%C.L.

� and, if the resulting
significance is negative, the average upper limit at 95% C.L., obtained with the expected background and no true excess signal
assumed, is also quoted.

dSph Mean Zenith (�) E
th

(GeV) Live-time (hrs) N
on

↵�1 N
o↵

� N95%C.L.
�

Sagittarius 15.99 196 90.0 820 17.94 13652 2.05 117.8

Coma Berenices 47.75 714 8.6 25 12.99 459 -1.78 5.8 (14.0)

Fornax 13.90 292 6.1 24 49.30 648 2.65 21.8

Carina 35.36 356 23.2 108 17.00 2031 -1.03 13.0 (24.5)

Sculptor 14.21 264 12.5 96 19.28 1909 -0.30 18.2 (22.4)

presented in [38] are utilised in order to estimate the
gamma-ray flux per DM annihilation at the source for
a few annihilation channels. In particular, the authors
provide fitting functions of dN i

�

/dx, where x = E

�

/m

�

,
for di↵erent DM mass ranges, the maximal mass value
being 8 TeV. In the following analysis, when consider-
ing DM particle masses m

�

> 8 TeV the fitting func-
tion corresponding to m

�

= 8 TeV will be employed. It
should be kept in mind that results for heavy DM masses
are anyway only indicative, since significant corrections
are expected to the tree-level two-body final state con-
tribution typically included in theoretical cross-sections
calculations [43, 44].

When the final state consists of light leptons, the
gamma-ray production mechanism di↵ers from the one
described previously and is dominated by final state ra-
diation (FSR) of photons with, in the case of muons, an
additional contribution arising from radiative muon de-
cay into electrons. The authors of [38] provide results for
both the e+e� and the µ+

µ

� final states, which are used
in this analysis. In a variety of models however, e.g. in
leptophilic models of heavy DM with light mediators �

resulting in a large Sommerfeld enhancement of h�annvi,

DM can annihilate into a four-lepton final state through
light mediator pair production as �� ! �� ! l

+
l

�
l

+
l

�.
In this case, the gamma-ray spectrum per DM annihila-
tion is estimated analytically in the following way:

• In the case of a four-electron final state, gamma
rays arise as a result of FSR from the final state lep-
tons. This e↵ect can be adequately described in the
mediator � rest frame by the Weizsäcker-Williams
approximation and is given, for collinear photon
emission, by the Altarelli-Parisi splitting function.
The total spectrum can then be calculated by per-
forming a Lorentz boost of the resulting gamma-ray
distribution to the DM rest frame, which essentially
coincides with the interstellar medium rest frame.

• In the case of a four-muon final state, in addition
to the above FSR contribution, there is also the
spectrum coming from radiative muon decays, see
e.g. [45]. It can induce a non-negligible contribu-
tion to the total gamma-ray spectrum which, for
mediator masses m

�

of O(1GeV) and DM masses
of O(10TeV), can be as large as 20 � 30% [15]. A
first Lorentz boost allows one to go to the mediator
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FIG. 1: Significance distributions and corresponding Gaus-
sian fits over the camera field of view for the five analyzed
dSphs. No significant excess is seen at the nominal target
positions.

• the DM density distribution at the source (here-
after referred to as “halo profile”);

• the solid angle �⌦ within which the signal is inte-
grated along the line of sight of the observer;

• the interstellar gas density and radiation den-

sity, concerning the gamma rays induced by
DM-produced secondary e

± losing energy by
inverse Compton scattering and relativistic
bremsstrahlung. Usually, the resulting radiation
falls well below the energy threshold of Cherenkov
telescopes [36] and it will be ignored in the follow-
ing. Here only primary gamma-ray emission from
⇡

0 ! �� will be considered.

The di↵erential flux is hence usually factorized as:

d�
�

dE

�

(E
�

,�⌦) = �pp(E
�

)⇥ J(�⌦)�⌦, (1)

where the first factor (�pp) encodes information on the
underlying particle physics DM model, while the second
factor (hereafter referred to as J-factor) depends on the
astrophysical DM density distribution at the source.

The particle physics factor can be written as:

�pp =
d�

�

dE

�

=
1

8⇡

h�annvi
m

2
�

⇥ dN

�

dE

�

, (2)

where h�annvi is the total velocity-averaged self-
annihilation cross-section, m

�

is the WIMP particle
mass, and dN

�

/dE

�

is the di↵erential gamma-ray spec-
trum per WIMP annihilation.
The velocity-averaged annihilation cross-section

h�annvi can be computed within the framework of each
specific particle physics model providing a DM candi-
date. A rough estimate for its magnitude in thermal
prediction scenarios is given by the well-known value
h�annvi ⇠ 3⇥ 10�26 cm3 s�1 [37].
The di↵erential gamma-ray spectrum per WIMP anni-

hilation depends on the composition of the primary DM
annihilation products. It can be written as

dN

�

dE

�

=
X

i

B

i

dN

i

�

dE

�

(3)

where B

i

and dN

i

�

/dE

�

are the branching fractions into
the i-th final state and its respective gamma-ray yield.
The composition of the final state particles, which can
either be Standard Model particles or more exotic states,
is also model-dependent and constitutes one of the major
particle physics uncertainties.

A. The particle physics factor

In the case of massive gauge or Higgs bosons, quark
and ⌧ final states, gamma rays are produced mainly
through the decay and hadronization of the annihila-
tion products. In recent years, significant e↵ort has
been devoted to provide more accurate calculations of
the gamma-ray yield of such final state particles [38, 39],
taking advantage of the respective evolution of Monte
Carlo event generators [40–42]. In this work, the results



Knut Dundas Morå .  Dark Matter searches with HESS  . Blois2015   

Dark Matter Limits

■ As no excess is observed, limits are placed on the dark matter 
coannihilation cross-section for all five dwarfs.  

■ NFW is a cusped profile- the DM density diverges at the center, Burkert is 
cored.  
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FIG. 5: Exclusion limit at 95% C.L. on the velocity-weighted WIMP self-annihilation cross-section versus the DM particle mass
m�, under the hypothesis of DM particle annihilation in the W+W� and Z Z final states as parametrized in Eq. (4) and for
the two hypotheses of NFW and Burkert halo profiles.
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FIG. 6: Combined exclusion limits at 95% C.L. on the velocity-weighted WIMP self-annihilation cross-section versus the DM
particle mass m�, under the hypothesis of DM particle annihilation in the W+W� and Z Z final states as parametrized in
Eq. (4) and for the two hypotheses of NFW and Burkert halo profiles. The results refer to the combination of all five dwarf
galaxies examined in this work and the combination of all but Sgr. The Sgr bounds are also shown for comparison.

The results of the combined dSph analysis for hadronic
channels, most relevant in supersymmetric DM models,
are presented in Figure 8 for two WIMP annihilation
final states (W+

W

�/Z Z and ⌧

+
⌧

�). Along with the
obtained exclusion curves, the (m

�

, h�annvi) values ob-
tained from the NMSSM scans (blue points) are also pre-
sented. The results show that the H.E.S.S. best exclu-
sion limit from the dSphs combined analysis is reached
at about 1 TeV with the value of ⇠ 3.9⇥10�24 cm3

s�1. The obtained limits complement the constraints es-
tablished by Fermi for lower masses using a similar ap-
proach [16]. These limits are amongst the best obtained
so far from IACT observations of dSph targets. They
are close to those obtained recently with a deeper ob-
servation of Segue 1 dSph conducted by MAGIC [69],
when the J-factor uncertainties are also considered. Our
results are not sensitive enough to constrain typical su-
persymmetric scenarios, as in such setups the neutralino

self-annihilation cross-section typically lies around the
benchmark value of 3 ⇥ 10�26 cm3 s�1. Note that
the NMSSM scans do not account for the possibility of
non-perturbative (Sommerfeld) enhancement of the neu-
tralino self-annihilation cross-section, usually studied in
scenarios where the neutralino is mostly wino and not
necessarily a thermal relic DM candidate. The inclusion
of such e↵ects would enhance h�annvi, with a strong de-
pendence on m

�

. Given the rather “singular” and by
now severely constrained nature of such setups, along
with the large number of di↵erent supersymmetric mod-
els that predict such configurations, it is preferable to
stick to more representative supersymmetric scenarios.
Sommerfeld-enhanced scenarios will nonetheless be dis-
cussed in more detail in section VIB.

Note also that using the most optimistic values of the
J-factors reported in Table II could enhance the obtained
limits by an order of magnitude, and bring the exclu-
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Combined Limits
■ As well as combined limits, reaching limits of approximately 1e-23 cm^3/s:
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FIG. 6: Combined exclusion limits at 95% C.L. on the velocity-weighted WIMP self-annihilation cross-section versus the DM
particle mass m�, under the hypothesis of DM particle annihilation in the W+W� and Z Z final states as parametrized in
Eq. (4) and for the two hypotheses of NFW and Burkert halo profiles. The results refer to the combination of all five dwarf
galaxies examined in this work and the combination of all but Sgr. The Sgr bounds are also shown for comparison.

The results of the combined dSph analysis for hadronic
channels, most relevant in supersymmetric DM models,
are presented in Figure 8 for two WIMP annihilation
final states (W+

W

�/Z Z and ⌧

+
⌧

�). Along with the
obtained exclusion curves, the (m

�

, h�annvi) values ob-
tained from the NMSSM scans (blue points) are also pre-
sented. The results show that the H.E.S.S. best exclu-
sion limit from the dSphs combined analysis is reached
at about 1 TeV with the value of ⇠ 3.9⇥10�24 cm3

s�1. The obtained limits complement the constraints es-
tablished by Fermi for lower masses using a similar ap-
proach [16]. These limits are amongst the best obtained
so far from IACT observations of dSph targets. They
are close to those obtained recently with a deeper ob-
servation of Segue 1 dSph conducted by MAGIC [69],
when the J-factor uncertainties are also considered. Our
results are not sensitive enough to constrain typical su-
persymmetric scenarios, as in such setups the neutralino

self-annihilation cross-section typically lies around the
benchmark value of 3 ⇥ 10�26 cm3 s�1. Note that
the NMSSM scans do not account for the possibility of
non-perturbative (Sommerfeld) enhancement of the neu-
tralino self-annihilation cross-section, usually studied in
scenarios where the neutralino is mostly wino and not
necessarily a thermal relic DM candidate. The inclusion
of such e↵ects would enhance h�annvi, with a strong de-
pendence on m

�

. Given the rather “singular” and by
now severely constrained nature of such setups, along
with the large number of di↵erent supersymmetric mod-
els that predict such configurations, it is preferable to
stick to more representative supersymmetric scenarios.
Sommerfeld-enhanced scenarios will nonetheless be dis-
cussed in more detail in section VIB.

Note also that using the most optimistic values of the
J-factors reported in Table II could enhance the obtained
limits by an order of magnitude, and bring the exclu-

The thermal cross-section needed to produce the observed dark matter 
density is 3E-26cm^3/s- red line
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Comparison with NMSSM

■ Using the micrOmegas tool, a scan 
of NMSSM parameter points were 
generated for comparison with the 
limits.  

■ Results are not currently sensitive 
to supersymmetric models, unless 
the signal is enhanced.  

■ If the J-factors are at their 
maximum, the limits improve by 
roughly one order of magnitude.  

■ Roughly two orders of magnitude 
above the natural (thermal) value. 
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FIG. 7: Exclusion limit from the Sgr on the velocity-weighted
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and under the hypothesis of DM particle annihilation in dif-
ferent channels.

sion bounds closer to the highest cross-section values ob-
tained in the proposed NMSSM scan. The higher sen-
sitivity of Cherenkov systems expected with the obser-
vations conducted by means of the H.E.S.S. fifth large
telescope and even more with the advent of the new
generation Cherenkov Telescope Array (CTA) observa-
tory [70], could constrain supersymmetric models that
are currently inaccessible to any ground- or space-based
experiment, including the LHC.

B. Comparison to models with Sommerfeld
enhancement

During the last few years, interesting new electron and
positron cosmic-ray data have been released: notably,
the PAMELA experiment reported an anomalous rise in
the positron fraction spectrum [71], independently con-
firmed later by Fermi-LAT [72], more recently by AMS-
02 [73], and complemented by the ATIC [74], Fermi-
LAT [75, 76] and H.E.S.S. [77, 78] measurements of the
total e+ + e

� flux. Despite the presence of several com-
peting astrophysical explanations (see [79] for a review),
a number of models appeared in the literature that pre-
dict very large DM self-annihilation cross-sections by in-
voking non-perturbative e↵ects that are ine�cient in the
primordial universe but can become extremely e�cient
at present times, close to the zero velocity limit (Som-
merfeld enhancement). These models typically also need
to be “leptophilic” to avoid other constraints, such as
excessive antiproton production.

The new H.E.S.S. exclusion bounds are compared to
the model-independent best-fit regions presented in [80].
These regions are, for di↵erent final states, adjusted
to PAMELA and AMS-02 positron fraction spectrum,
and independently to the total e+ + e

� flux measured
by Fermi-LAT and H.E.S.S. Given the large number of

Sommerfeld-enhanced models that have appeared in the
literature, instead of comparing the H.E.S.S. exclusion
bounds to specific theoretical models, it is chosen to com-
pare them to these representative values of masses and
cross-sections, anyway targeted by most of the relevant
model-building.
The results of the combined dSphs analysis for leptonic

channels are presented in Figure 9. This figure compares
the obtained limits to the (m

�

, h�annvi) values fitting the
AMS and PAMELA measurements of the positron frac-
tion (blue contours) and the Fermi-LAT and H.E.S.S.
measurements of the electron and positron fluxes (green
contours), assuming annihilation into a µ

+
µ

� final state.
The corresponding best-fit points assuming an e

+
e

�
e

+
e

�

or a µ

+
µ

�
µ

+
µ

� final state are also shown. In the
case of the two-muon channel, the new H.E.S.S. lim-
its exclude the most interesting part of the remaining
parameter space, in particular the regions reconciling
the AMS/PAMELA/Fermi-LAT/H.E.S.S. observations.
Moreover, the four-lepton best-fit points are at the verge
of exclusion, being less than a factor 2 away from the
bounds obtained in this work. Although not explicitly
shown here, the H.E.S.S. upper limits also confirm the
exclusion bounds obtained by the PAMELA, AMS and
Fermi-LAT collaborations assuming a ⌧

+
⌧

� annihilation
channel. It is worth to note once more that also in this
scenario, an increase in sensitivity with future Cherenkov
systems will enable a definitive independent test for the
DM interpretation of the positron excess.

VII. SUMMARY

During the last years, five dwarf spheroidal galaxies
have been observed with H.E.S.S. for more than 140

 (TeV)χm

-110 1 10

)
-1

 s3
 v

> 
(c

m
σ<

-2810

-2710

-2610

-2510

-2410

-2310

-2210

-2110

, ZZ-W+ W→ χχ
-τ+τ → χχ

NMSSM models

FIG. 8: Exclusion limits on the velocity-weighted annihila-
tion cross-section versus the DM particle mass. The limits
combine the results from the five dwarf galaxies assuming a
NFW DM density profile and two WIMP annihilation final
states: W+W�, Z Z and ⌧+⌧� channels. NMSSM models
scan is also shown (blue markers).

11

and background rate which maximize the likelihood com-

puted at h�annvi, whereas ( \h�annvi, bJ,bb) is the triplet of
velocity-weighted annihilation cross-section, J-factor and
background estimate values which globally maximize the
likelihood function. In the analysis, the upper limits on
the annihilation cross-section are obtained under the re-
striction of a null and positive value of the parameter
h�annvi, so that the obtained limits are conservative when
a deficit of events is observed in the source region.

The profile likelihood described above allows for a
straightforward combination of the results obtained from
several targets. Under the assumption that the DM char-
acteristics are shared by all targets, the combined likeli-
hood for an assembly of dSph is simply the product of
the individual likelihood of all dSph.

The combined analysis has been performed on all five
dSphs. The combinations including or not the Sgr data
are shown separately in Figure 6 to illustrate the impact
of this last target on the final result.

In Figure 5 the exclusion curves are presented for the
five target dwarf galaxies separately and assuming a DM
particle annihilating into W

+
W

� and Z Z final states,
parametrized according to Eq. (4). For all dSphs two
halo profiles have been explored through the values of the
J-factors reported in Table II showing the e↵ect of the
astrophysical uncertainties. In the case of a NFW DM
profile, it is found that the strongest constraint comes
from Sgr, since it is characterized by the largest exposure,
large J-factor and relatively low threshold. The exclusion
limits depend on the particle mass and the best sensitiv-
ity is reached around 2 TeV with the value of h�annvi,⇠
1.6⇥10�23 cm3 s�1 with Sgr.

The combination of the various targets is shown in
Figure 6. For a NFW profile, the combined result is
only marginally improved (with a minimum value of
h�annvi,⇠ 1.4⇥10�23 cm3 s�1) compared to Sgr bounds.

These exclusion curves are subject to uncertainties also
in the particle physics side. In order to illustrate the
particle physics uncertainties, Figure 7 shows the lim-
its obtained from the Sgr alone for di↵erent annihilation
channels, assuming the NFW halo profile as reference.
The strongest bounds are obtained for annihilation into
a ⌧

+
⌧

� final state. For heavy masses, bounds obtained
for gauge boson final state channel become competitive.
This is consistent with the qualitative picture previously
described: the ⌧

+
⌧

� channel has a relatively hard spec-
trum combined with a substantial normalization in the
photon yield, so that even at values of the DM mass
not too far above the experimental threshold the con-
straints are sizable. However, for very large m

�

most
of the “soft” gamma rays associated to the gauge boson
channel fall above threshold, where A is su�ciently large,
and the constraint on this channel becomes comparably
stronger. Similarly, one can interpret the two muon fi-
nal state channel constraints: although weaker than the
⌧

+
⌧

� at high mass, since the photon yield is lower, it be-
comes comparable at low mass. Note that this channel,
which has the hardest spectrum amongst the considered

channels, provides the best sensitivity for small DM par-
ticle masses. Compared to that, the four-lepton final
states are less constrained because of the low branching
ratios into gamma rays. Note also how the peak in sensi-
tivity is pushed to higher values with respect to the two
muon channel for kinematical reasons. The four-electron
final state is more constrained than the four-muon one
since electrons tend to radiate much more than muons
due to their smaller mass. The corresponding results on
the bb̄ channel are comparable to the W

+
W

� ones.

VI. DISCUSSION

A. Comparison to supersymmetric scenarios

In order to compare the H.E.S.S. exclusion limits to
the predictions of a realistic particle physics model, scans
were performed over the parameter space of the Next-to-
Minimal Supersymmetric Standard Model (NMSSM) [60,
61]. The NMSSM is the simplest extension of the Mini-
mal Supersymmetric Standard Model (MSSM) that can
address a number of phenomenological and theoretical is-
sues of the latter, by the sole addition of a singlet chiral
superfield. It has been shown [62, 63] that the NMSSM
can reproduce the observed Higgs boson mass in a wider
region of the supersymmetric parameter space, without
having to resort to very special configurations for the pa-
rameter values, o↵ering a wider spectrum of possibilities
for DM phenomenology as well. Note also that it re-
duces to the MSSM when the mass of the singlet goes
to infinity, so that it includes MSSM DM candidates as
subcases, notably constrained MSSM benchmark points
often found in the literature.
A scan of the general NMSSM has been performed,

with parameters defined at the supersymmetric scale,
looking in particular for relatively heavy neutralinos that
fall within the H.E.S.S. sensitivity region but without re-
sorting to extremal parameter values that would be the-
oretically unmotivated 3.
The parameter space has been scanned using the latest

micrOMEGAs 3.2 code [64] that is linked to the NMSSM-
Tools 4.0 package [65–67]. The accepted points sat-
isfy all relevant theoretical and experimental constraints
[60, 61]. In particular, the lightest CP-even Higgs boson
mass is taken to be compatible with LHC observations,
although with a slightly looser mass bound (between 121
GeV and 130 GeV). For the DM relic density, the range
0.089 < ⌦DMh

2
< 0.14 is considered, which envelops the

recent Planck measurements [68] while allowing for a suf-
ficiently e�cient parameter space scan.

3

The parameter ranges that have been considered are the follow-

ing (all masses in GeV): 0.1 < �, < 1; �1500 < A�, A <
�300; 400(700) < µ,M

1

,M
2

(,M
3

) < 2000(3000); 1000 <
mL,2,mL,3,me,2,me,3,mQ,2,mQ,3,mu,2,mu,3,md,2,md,3 <
3000; (�)1800 < At(, Al) < (�)3000; 1.5 < tan� < 60.

121GeV < mhiggs < 130GeV



Knut Dundas Morå .  Dark Matter searches with HESS  . Blois2015   

Comparison with positron excess

■ Motivated by the observation of an excess in the positron fraction reported 
by Pamela, AMS and Fermi, some models with lepton-rich decays may be 
constarained:
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FIG. 9: Exclusion limits on the velocity-weighted annihilation
cross-section versus the DM particle mass. The limits com-
bine the results from the five dwarf galaxies observed with
H.E.S.S. and assume a NFW DM density profile. The results
are compared with regions of the (m�, h�ann

vi) plane favored
by AMS and PAMELA measurements of the positron fraction
(blue contours) and by Fermi-LAT and H.E.S.S. measure-
ments of the electron and positron fluxes (green contours),
both at 3� and 5�, assuming annihilation into a µ+µ� fi-
nal state. The corresponding results for the e+e�e+e� and
µ+µ�µ+µ� channels are also shown.

hours in the framework of the search for TeV gamma-
ray emission from annihilation of DM particles. In the
absence of any (individual or combined analysis) signifi-
cant signal, constraints on the annihilation cross-section
as a function of the DM mass are derived. These lim-
its have been obtained for a combined analysis of five
dwarf spheroidal galaxies, and by directly taking into
account the uncertainty of the DM distribution, which
is an innovative procedure in VHE gamma-ray astro-
physics. The new limits have been compared to the-
oretical scenarios compatible with experimental results
coming from the LHC experiments. Even if the obtained

bounds are at present relatively far from thermal relic
benchmark values, such measurements are extremely im-
portant since they can probe DM mass values lying be-
yond the reach of other experiments. Moreover, when it
comes to positron excess-motivated leptophilic DM sce-
narios, the new H.E.S.S. limits already contribute to con-
strain the DM interpretations of the lepton spectral fea-
tures observed by a series of experiments. The next gen-
eration of IACTs will further improve these limits and
enable the scrutining of a larger variety of DM scenarios.
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J. Peñarrubia, M. J. Irwin, M. C. Smith, G. F.
Lewis, M. Gieles, M. I. Wilkinson, G. Gilmore, et al.,
Mon. Not. Roy. Astron. Soc. 437, 116 (2014), 1301.7069.

[11] T. J. L. de Boer, V. Belokurov, T. C. Beers, and Y. S.
Lee, Mon. Not. Roy. Astron. Soc. 443, 658 (2014),
1406.3352.

[12] M. Niederste-Ostholt, V. Belokurov, and N. W. Evans,
Mon. Not. Roy. Astron. Soc. 422, 207 (2012), 1201.4516.

[13] D. R. Law and S. R. Majewski, Astrophys. J. 718, 1128
(2010), 1005.5390.

[14] P. M. Frinchaboy, S. R. Majewski, R. R. Munoz, D. R.
Law, E. L. Lokas, et al., Astrophys. J. 756, 74 (2012),



Knut Dundas Morå .  Dark Matter searches with HESS  . Blois2015   

Constraints on an Annihilation Signal from a Core of Constant 
Dark Matter Density around the Milky Way Center with H.E.S.S.

17

Phys. Rev. Lett. 114, 081301, (2015)



Knut Dundas Morå .  Dark Matter searches with HESS  . Blois2015   

Constraints on an Annihilation Signal from a Core of Constant 
Dark Matter Density around the Milky Way Center with H.E.S.S.

■ HESS searches for dark matter 
typically assume a cusped profile, 
where the dark matter density 
increases greatly towards the 
center of the distribution.  

■ If the dark matter profile is cored, 
the background regions used in 
these studies will see a large spill-
over of signal, and the limit will be 
worsened.  

■ A dedicated search for cored DM 
profiles was conducted using 
separate ON and OFF regions, 
with 3 and 6 hours of exposure, 
respectively. 
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FIG. 2. The signal region close to the Galactic center and
the two background regions with a symmetric right ascension
offset of ±35 min to the signal region. A right ascension -
declination coordinate grid is overlaid. The exclusion of the
Galactic plane (|b| < 0.3◦) in the signal region and the regions
with a ±35 min offset in right ascension to |b| < 0.3◦ in the
background regions are visible.

vation length allows for a transition time between the
observations. The ON/OFF observation pattern allows
the equalization of the azimuth and zenith angles that
are covered by array pointings in each of the obser-
vations. Differences in the acceptance for background
events which result from differences in the zenith angle
array pointing range can thus be neglected. The time dif-
ference of 35 min between the observations is a compro-
mise between the demand for small atmospheric changes
(i.e. small time differences) and a large offset in right
ascension (i.e. large time differences). Two background
regions are observed, to better control residual imbal-
ances in the acceptance for background events between
the observations.
Figure 3 shows the J-factor for a given line of sight as
a function of the angular distance, θ, between the direc-
tions of the line of sight and the Galactic center. The
J-factor is proportional to the expected number of dark
matter annihilation events in the respective direction.
The θ angle ranges that are covered by the signal and
background regions in the OFF1/ON/OFF2 observations
are indicated in Fig. 3. It is concluded from this figure
that the expected number of dark matter annihilation
events is larger in the signal than in the background re-
gions when the radius of the core of constant dark mat-
ter density around the Galactic center is 500 pc or less.
This is a clear advantage of the ON/OFF method when
compared to the background subtraction technique that
is applied in [7] which relies on the simultaneous obser-
vation of the Galactic center region and a background
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FIG. 3. Line of sight integral over the squared dark mat-
ter density as a function of the angular distance between the
direction of the line of sight and the direction of the Galac-
tic center. A 500 pc core radius is assumed for the cored
dark matter density profiles. Overlaid is the range of angu-
lar distances to the Galactic center covered by the signal and
background regions of the OFF1/ON/OFF2 datasets.

region in the same finite H.E.S.S. field of view with ∼ 2◦

radius.
The application of standard quality criteria for H.E.S.S.
data [9] and the additional requirement for compati-
ble instrumental and atmospheric conditions within an
OFF1/ON/OFF2 observation result in a total of six
OFF1/ON/OFF2 datasets. All datasets were taken
within one week in 2010 with the H.E.S.S. I array of
four identical IACTs. The total dead-time corrected ob-
servation time for each of the three observed regions is
3.05 h. The mean zenith angle of the array pointing for
the datasets is 12◦.

DATA ANALYSIS

The image cleaning (see [9]) low and high pixel inten-
sity thresholds for the data are chosen to be 7 pe (photo
electrons) and 10 pe. Using the observed distribution
of pixel intensities in cosmic ray events, it was checked
that these image cleaning cut criteria eliminate effects
due to differences in sky brightness between the observed
regions. Standard Hillas criteria [9] for the selection of γ-
ray events are applied to the data. The thresholds used
for image cleaning lead to an energy threshold of 290
GeV. Only events with reconstructed directions within
the central 2◦ angular distance around the pointing posi-
tion of each observation are considered to account for
the truncation of γ-ray images near the edges of the
H.E.S.S. field of view. The Galactic plane (|b| < 0.3◦)
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Observations

■ The search region is placed near 
the galactic center.   

■ A cut of 0.3° above and below the 
galactic plane is applied against 
diffuse gamma ray emission.  

■ The ON and OFF regions are 
separated by 35 minutes in Right 
Ascension. 

■ Observations had low mean zenith 
angle, resulting in an energy 
threshold of 290GeV 
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FIG. 2. The signal region close to the Galactic center and
the two background regions with a symmetric right ascension
offset of ±35 min to the signal region. A right ascension -
declination coordinate grid is overlaid. The exclusion of the
Galactic plane (|b| < 0.3◦) in the signal region and the regions
with a ±35 min offset in right ascension to |b| < 0.3◦ in the
background regions are visible.

vation length allows for a transition time between the
observations. The ON/OFF observation pattern allows
the equalization of the azimuth and zenith angles that
are covered by array pointings in each of the obser-
vations. Differences in the acceptance for background
events which result from differences in the zenith angle
array pointing range can thus be neglected. The time dif-
ference of 35 min between the observations is a compro-
mise between the demand for small atmospheric changes
(i.e. small time differences) and a large offset in right
ascension (i.e. large time differences). Two background
regions are observed, to better control residual imbal-
ances in the acceptance for background events between
the observations.
Figure 3 shows the J-factor for a given line of sight as
a function of the angular distance, θ, between the direc-
tions of the line of sight and the Galactic center. The
J-factor is proportional to the expected number of dark
matter annihilation events in the respective direction.
The θ angle ranges that are covered by the signal and
background regions in the OFF1/ON/OFF2 observations
are indicated in Fig. 3. It is concluded from this figure
that the expected number of dark matter annihilation
events is larger in the signal than in the background re-
gions when the radius of the core of constant dark mat-
ter density around the Galactic center is 500 pc or less.
This is a clear advantage of the ON/OFF method when
compared to the background subtraction technique that
is applied in [7] which relies on the simultaneous obser-
vation of the Galactic center region and a background
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dark matter density profiles. Overlaid is the range of angu-
lar distances to the Galactic center covered by the signal and
background regions of the OFF1/ON/OFF2 datasets.

region in the same finite H.E.S.S. field of view with ∼ 2◦

radius.
The application of standard quality criteria for H.E.S.S.
data [9] and the additional requirement for compati-
ble instrumental and atmospheric conditions within an
OFF1/ON/OFF2 observation result in a total of six
OFF1/ON/OFF2 datasets. All datasets were taken
within one week in 2010 with the H.E.S.S. I array of
four identical IACTs. The total dead-time corrected ob-
servation time for each of the three observed regions is
3.05 h. The mean zenith angle of the array pointing for
the datasets is 12◦.

DATA ANALYSIS

The image cleaning (see [9]) low and high pixel inten-
sity thresholds for the data are chosen to be 7 pe (photo
electrons) and 10 pe. Using the observed distribution
of pixel intensities in cosmic ray events, it was checked
that these image cleaning cut criteria eliminate effects
due to differences in sky brightness between the observed
regions. Standard Hillas criteria [9] for the selection of γ-
ray events are applied to the data. The thresholds used
for image cleaning lead to an energy threshold of 290
GeV. Only events with reconstructed directions within
the central 2◦ angular distance around the pointing posi-
tion of each observation are considered to account for
the truncation of γ-ray images near the edges of the
H.E.S.S. field of view. The Galactic plane (|b| < 0.3◦)
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Computing Limits

■ The limits are computed using the 
likelihood ratio method, including a 
careful study of the ON-OFF 
systematics.  

■ Inclusion of systematics degrades 
the limit by a factor ~3 

■ This is the strongest limit obtained 
in the case of a cored profile. 
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is excluded from the analysis to avoid the detection of
γ-rays from astrophysical sources (e.g. the Galactic cen-
ter source HESSJ1745-290, [18]) without relation to dark
matter annihilation. The exclusion region is shifted by
the respective pointing position offset in right ascension
into the two background regions to equalize the accep-
tance in the signal and background regions (see Fig. 2).
To rule out the detection of γ-rays from astrophysical
sources, the considered data with the chosen exclusion re-
gions are analyzed with the ring background [13] method
and a correlation radius of 0.1 deg prior to the ON/OFF
analysis. The resulting skymaps of the three observed
regions show no indication for a significant excess. It is
concluded from the analysis with the ring background
method that the chosen exclusion regions are sufficient
to exclude astrophysical sources of gamma rays for the
ON/OFF analysis.
The mean exposure ratio, α = 0.5, for the ON/OFF data
analysis is the ratio of the livetimes for the observation of
the signal and background regions [13]. However, imbal-
ances in the acceptance for background events between
the signal region and the two background regions lead to
a systematic error, σα, on the exposure ratio. A conser-
vative estimate for the relative systematic error on the
exposure ratio, σα/α = 2%, is derived. This estimate
results from a comparison of the number of events which
pass γ-ray event selection criteria in the two background
regions.

RESULTS

A total of NON = 24268 signal and NOFF = 49028
background events are measured that pass standard
Hillas criteria [9] for the selection of γ-ray events. The
total γ-ray signal s has a statistical significance of −0.5σ.
The statistical significance is calculated with the log-
likelihood ratio test statistic as described in [10] with
the likelihood function (see also [16])

L = P(NON, α̂b+ s)P(NOFF, b)G(α̂,α,σα) . (1)

Here, P and G represent the Poisson and Gaussian distri-
butions. The parameters b (mean number of background
events) and α̂ (exposure ratio with mean α) are treated
as nuisance parameters. For comparison, the significance
of the γ-ray event excess as calculated with Eq. (17)
in [11] without consideration of the systematic error on
the exposure ratio is −1.3σ. Since no significant γ-ray
signal is measured, an upper limit on the integrated γ-
ray signal for energies ranging from the instrumental en-
ergy threshold to a maximum energy Ê is derived. For
the calculation of the upper limit, the likelihood function
that is given by eq. 1 is analyzed with the method de-
scribed in [10]. The upper limit on the energy integrated
signal translates (see e.g. [3]) into an upper limit on
the velocity averaged dark matter self annihilation cross
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FIG. 4. Upper limits on the velocity averaged dark matter self
annihilation cross section as a function of the dark matter par-
ticle mass. The upper limits for the cored Einasto and NFW
density profiles hold for a core radius of 500 pc and the anni-
hilation of dark matter particles into light quarks ([2]). The
filled area around the upper limit curve for the cored Einasto
dark matter profile shows the ±1σ variations around the up-
per limit that is expected for this dark matter density profile
when no annihilation signal is detected. The derived upper
limit is stronger than the expected upper limit due to the
negative significance of the measured excess. For comparison,
the velocity averaged annihilation cross section of a thermal
relic dark matter particle is shown. Additionally shown are
the upper limits that are derived in [7] for cusped Einasto
and NFW profiles as well as the upper limit that is derived
in [8] for a cored dark matter density distribution around the
Sculptor dwarf galaxy.

section, ⟨σv⟩(M), for a dark matter particle with mass
M = Ê. The variation of the instrumental response with
the zenith and azimuth angles of the array pointing and
within the field of view is accounted for in the analysis.
The consideration of the 2% relative systematic error on
the exposure ratio increases the upper limit on ⟨σv⟩ by
a factor of ∼ 3. Upper limits on ⟨σv⟩ are presented in
Fig. 4 for Einasto and NFW dark matter density profiles
with a 500 pc radius core of constant dark matter den-
sity around the Galactic center. The parameters for the
NFW and Einasto density profiles are taken from [12].
The derived upper limits on ⟨σv⟩ hold for the γ-ray en-
ergy spectrum that is expected from the self annihilation
of dark matter particles into light quarks (see [2], the
same spectrum is assumed in [7]). For an Einasto dark
matter profile that is cored in the inner 500 pc around the
Galactic center, values of ⟨σv⟩ ∼ 3 ·10−24 cm3/s or larger
are excluded for dark matter particle masses in between
∼ 1 to ∼ 4 TeV at 95% CL. The upper limits on ⟨σv⟩ that
are derived for an Einasto dark matter density distribu-
tion with a core radius of 500 pc are the most constrain-
ing exclusions that are derived for TeV mass dark matter
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is excluded from the analysis to avoid the detection of
γ-rays from astrophysical sources (e.g. the Galactic cen-
ter source HESSJ1745-290, [18]) without relation to dark
matter annihilation. The exclusion region is shifted by
the respective pointing position offset in right ascension
into the two background regions to equalize the accep-
tance in the signal and background regions (see Fig. 2).
To rule out the detection of γ-rays from astrophysical
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gions are analyzed with the ring background [13] method
and a correlation radius of 0.1 deg prior to the ON/OFF
analysis. The resulting skymaps of the three observed
regions show no indication for a significant excess. It is
concluded from the analysis with the ring background
method that the chosen exclusion regions are sufficient
to exclude astrophysical sources of gamma rays for the
ON/OFF analysis.
The mean exposure ratio, α = 0.5, for the ON/OFF data
analysis is the ratio of the livetimes for the observation of
the signal and background regions [13]. However, imbal-
ances in the acceptance for background events between
the signal region and the two background regions lead to
a systematic error, σα, on the exposure ratio. A conser-
vative estimate for the relative systematic error on the
exposure ratio, σα/α = 2%, is derived. This estimate
results from a comparison of the number of events which
pass γ-ray event selection criteria in the two background
regions.

RESULTS

A total of NON = 24268 signal and NOFF = 49028
background events are measured that pass standard
Hillas criteria [9] for the selection of γ-ray events. The
total γ-ray signal s has a statistical significance of −0.5σ.
The statistical significance is calculated with the log-
likelihood ratio test statistic as described in [10] with
the likelihood function (see also [16])
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Here, P and G represent the Poisson and Gaussian distri-
butions. The parameters b (mean number of background
events) and α̂ (exposure ratio with mean α) are treated
as nuisance parameters. For comparison, the significance
of the γ-ray event excess as calculated with Eq. (17)
in [11] without consideration of the systematic error on
the exposure ratio is −1.3σ. Since no significant γ-ray
signal is measured, an upper limit on the integrated γ-
ray signal for energies ranging from the instrumental en-
ergy threshold to a maximum energy Ê is derived. For
the calculation of the upper limit, the likelihood function
that is given by eq. 1 is analyzed with the method de-
scribed in [10]. The upper limit on the energy integrated
signal translates (see e.g. [3]) into an upper limit on
the velocity averaged dark matter self annihilation cross
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FIG. 4. Upper limits on the velocity averaged dark matter self
annihilation cross section as a function of the dark matter par-
ticle mass. The upper limits for the cored Einasto and NFW
density profiles hold for a core radius of 500 pc and the anni-
hilation of dark matter particles into light quarks ([2]). The
filled area around the upper limit curve for the cored Einasto
dark matter profile shows the ±1σ variations around the up-
per limit that is expected for this dark matter density profile
when no annihilation signal is detected. The derived upper
limit is stronger than the expected upper limit due to the
negative significance of the measured excess. For comparison,
the velocity averaged annihilation cross section of a thermal
relic dark matter particle is shown. Additionally shown are
the upper limits that are derived in [7] for cusped Einasto
and NFW profiles as well as the upper limit that is derived
in [8] for a cored dark matter density distribution around the
Sculptor dwarf galaxy.

section, ⟨σv⟩(M), for a dark matter particle with mass
M = Ê. The variation of the instrumental response with
the zenith and azimuth angles of the array pointing and
within the field of view is accounted for in the analysis.
The consideration of the 2% relative systematic error on
the exposure ratio increases the upper limit on ⟨σv⟩ by
a factor of ∼ 3. Upper limits on ⟨σv⟩ are presented in
Fig. 4 for Einasto and NFW dark matter density profiles
with a 500 pc radius core of constant dark matter den-
sity around the Galactic center. The parameters for the
NFW and Einasto density profiles are taken from [12].
The derived upper limits on ⟨σv⟩ hold for the γ-ray en-
ergy spectrum that is expected from the self annihilation
of dark matter particles into light quarks (see [2], the
same spectrum is assumed in [7]). For an Einasto dark
matter profile that is cored in the inner 500 pc around the
Galactic center, values of ⟨σv⟩ ∼ 3 ·10−24 cm3/s or larger
are excluded for dark matter particle masses in between
∼ 1 to ∼ 4 TeV at 95% CL. The upper limits on ⟨σv⟩ that
are derived for an Einasto dark matter density distribu-
tion with a core radius of 500 pc are the most constrain-
ing exclusions that are derived for TeV mass dark matter
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HESS II

■ In 2012, HESS II was formed from 
the four telescopes of HESS I, and 
a central, larger telescope.  

■ Increased collection area (28m 
dish equivalent) 

■ Much lower energy threshold- 
leading to improvements at low 
energies for future dark matter 
searches. 
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Summary

■ HESS has published limits for coannihilating dark 
matter in dwarf galaxies as well as the galactic 
center.  

■ No significant excesses 

■ Dwarf galaxy limits now include J-factor uncertainties. 

■ Robust limits on dark matter from the galactic center, 
with limits of approximately 3e-24cm^3/s  
▪ 9h of data. 

▪ Most stringent limit on cored DM 

■ The HESS-2 telescope currently taking data will be 
able to reach lower energies, providing good overlap 
with Fermi-LAT

22
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Backup Dwarf analysis

■ Data analysis performed using 
Xeff- a multivariable analysis that 
combines information both from the 
shower ellipse and a semianalytical 
fit to the shower image
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6 F. Aharonian et al.: Observations of the Crab Nebula with H.E.S.S.

Direction
True

Major Axis

Reconstructed
Direction

Distance

Camera centre

Telescope 2 Image

Telescope 1 Image

Width
Length

Fig. 5. Definition of simple Hillas parameters, calculated for
a γ-ray image, which may be approximated as an ellipse.
Important parameters for this analysis are the width, length,
distance. An image from a second telescope is superimposed
to demonstrate the geometrical technique for source position
reconstruction. The parameter θ, which is the magnitude of the
angular offset in shower direction reconstruction, is also shown.

4. Analysis

After a set of images of an air shower has been recorded, they
are processed to measure Hillas parameters based on the sec-
ond moments of the image (Hillas, 1985). These parameters
are then used for event selection and reconstruction. A diagram
illustrating the parameter definitions is shown in Figure 5.

4.1. Image cleaning and moment analysis

The first step in the moment analysis procedure is image clean-
ing. This is required in order to select only the pixels contain-
ing Cherenkov light in an image. Other pixels, which contain
mainly night sky background (NSB) light are not used in the
analysis. Images are cleaned using a two-level filter, requiring
pixels in the image to be above a lower threshold of 5 p.e. and
to have a neighbour above 10 p.e., and vice versa. Cleaning
thresholds of 4 p.e. and 7 p.e. have also been shown to work
satisfactorily, but may be more sensitive to uncertainties due
to NSB light variations. This method selects spatially corre-
lated features in the image, which correspond to air shower
Cherenkov light. This method tends to smooth out shower fluc-
tuations in a simple and repeatable manner.

After image cleaning, an image of a γ-ray shower approx-
imates a narrow elliptical shape, while images of background
hadronic events are wider and more uneven. The Hillas param-
eters are then calculated for each cleaned image; these parame-
ters are the basis for event selection. The total amplitude of the
image after cleaning is also calculated, along with the mean
position of the image in the camera, which corresponds to the
centroid of the ellipse.
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Fig. 6.Distribution of excess events in θ2 for the complete Crab
data set, after event selection and background subtraction. The
Monte Carlo derived point-spread function described in equa-
tion 1 is also shown, normalised to the excess distribution. The
vertical lines denote the θ2 selection cuts listed in Table 2.

4.2. Stereo reconstruction

The arrival direction of each event is reconstructed by trac-
ing the projected direction of the shower in the field of view
(which corresponds to the major axis of the image) to the point
of origin of the particle. For stereo observations it is possible
to intersect the major axes of the shower images in multiple
cameras, providing a simple geometric method of accurately
measuring the shower direction; more details, including meth-
ods to further improve the reconstruction accuracy are given
by Hofmann et al. (1999), method I from that paper is used
here. Images are only used in the stereo reconstruction if they
pass the selection cuts on distance (to avoid camera-edge ef-
fects) and image intensity. If less than two telescope images
pass these cuts the event is rejected.

Figure 6 shows the excess distribution of θ2 for data sets
I-III, including events with two, three and four telescopes; θ
is defined in Figure 5, it is the angular offset between the re-
constructed shower direction and the true direction of the Crab
nebula. The distribution of reconstructed shower directions is
usually expressed in units of θ2, as this ensures a constant solid
angle on the sky per bin. The value of the cut on reconstructed
shower direction is thus given in units of degrees2 in Table 2 for
various sets of selection cuts, and plotted in Figure 6. A strong
excess is seen close to zero, corresponding to events coming
from the direction of the Crab nebula. This distribution defines
the accuracy in the reconstructed arrival directions for γ-ray
events from a point source and is described by the point spread
function (PSF). This function can be approximated by the sum
of two, one-dimensional Gaussian functions:
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Computing J-factors

■ The work by Martinez (G. D. 
Martinez, ArXiv e-prints (2013), 
1309.2641) computes the J-factors 
and associated uncertainties using 
a multi-level Bayesian calculation.  

■ The method constrains both the 
individual parameters of each 
dwarf, as well as the shared 
parameters of the Milky Way dSph 
population.  

■ The assumption of shared 
parameters between dSphs 
improve faint dSphs in particular. 
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The results of the described two-level method for all
dSphs considered in this study, except for Sgr, are al-
ready provided in [47]. For Sgr the bottom-level data set
was obtained from the analysis of the line-of-sight veloc-
ities of stars taken from [14]. This sample contains both
Sgr stars and foreground stars from our Galaxy from 24
separate fields, representing the most extended survey
conducted on Sgr so far. Using the Besançon model [56],
the MW foreground distribution of stars was modeled for
the 24 samples. For each field, a fit was performed with
a model of velocity dispersion of stars belonging to both
the MW and Sgr. First, using the mass estimator for
dispersion-supported stellar systems of [48], the mass at
half-light radius was inferred from the derived velocity
dispersion. Then, a correction accounting for triaxiality
was performed, according to the results of simulations
reported in [57]. The total set of posteriors resulting
from the first-level likelihood, as well as the variables
parametrizing the priors, were employed as inputs to the
second level likelihood.

TABLE II: Mode and 1� uncertainty of the J-factor log-
normal posterior, assuming an integration solid angle �⌦ =
10�5 sr and according to the mass distribution expectation
values computed following [47].

log
10

�
J

GeV

2
cm

�5

�

dSph NFW Burkert

Sagittarius 19.1± 0.5 18.5± 0.5

Coma Berenices 18.8± 0.4 19.1± 0.2

Fornax 18.1± 0.3 18.4± 0.3

Carina 18.0± 0.4 18.4± 0.2

Sculptor 18.5± 0.3 18.8± 0.2

The resulting expectation values of J-factors together
with their corresponding uncertainties are listed in Ta-
ble II. The J factors derived assuming Burkert profile
are marginally consistent with those derived assuming
an NFW profile. With the exception of Sgr, the mode
of the J-factor posteriors derived with the Burkert pro-
file are slightly larger than for the NFW modeling. This
can be understood since two competing e↵ects enter the
determination of the J-factor, the density of the profile
and the extent of volume integrated over, compared to
the characteristic scale radius of the profile. The putative
DM signal for most dSphs is basically point-like: Burk-
ert profile fits lead to comparatively higher densities at
larger radii, which dominate the J-factor provided they
are included in the volume integral (i.e. they are within
the detector point spread function, PSF). However, if
the angular extent of the source is somewhat larger than
the PSF (as qualitatively expected for more massive and
nearby objects) a relatively higher contribution to the
signal comes from the inner region, hence cuspier profiles
like NFW lead to larger J-factors than shallower ones.

A recent detailed modeling of Sgr DM halo using an
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evolutionary N-body simulation of Sgr within the MW
was obtained in the case of an isothermal DM profile,
taking into account the tidal disruption of the dSph [58].
In this study, an additional truncation of the DM halo at
a radius of' 4 kpc was introduced to account for the tidal
disruption observed in this system. The corresponding J-
factor found is of the order of 1018GeV2cm�5, with an
uncertainty of more than a factor of two [58]. The value
derived in case of the Burkert profile using the multi-
level likelihood technique is fully compatible with their
finding.

V. LIKELIHOOD ANALYSIS

In order to account for the specific shape of the DM
induced gamma-ray spectrum and hence to improve the

NFW is cusped, Burkert is cored
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Statistical Analysis

■ A binned likelihood analysis was 
performed, with the signal and 
background expectation value as 
parameters.  

■ The different dwarves are 
combined by multiplying their 
likelihoods.  

■ A profile likelihood method was 
used to compute limits on flux and 
<sv>, treating the J-factors and 
background rates as nuisance 
parameters.  

■ The denominator is the global 
likelihood minimum, while <sv> is 
fixed in the numerator. 
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sensitivity search to faint signals, a maximum-likelihood
analysis was developed for this study. For every energy
bin E

j

= [E
j1
, E

j2
], the number of events observed in

the source region (NONj
) and those in the background

control regions (NOFFj
) follow Poisson distributions. The

likelihood function for the energy bin is given by

LPoiss(s
j

, b

j
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e
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j

, (6)

where ↵ = TON/TOFF is the livetime exposure ratio and
b

j

and s

j

are the background and signal estimates in the
bin. The expected distribution of gamma-ray events is
computed by folding the considered gamma-ray spectrum
with the H.E.S.S. instrument response functions, specific
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A. Flux upper limits

For a given spectrum, the profile likelihood technique
is used to assess the presence of a gamma-ray excess or
to constrain the level of a possible gamma-ray emission
out of the background, by determining the confidence
interval of the flux normalisation. The profile likelihood
function of the flux normalisation, �0 reads
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energy threshold E

th

, N95%C.L.

�

(E > E

th

), obtained from
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computed for each dSph (according to equation 5 in [26]).
As a first step towards obtaining flux upper limits, the

parametrization given in equation (4) is considered. The
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are shown in Figure 3 as a function of m
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bounds for the final state channels W

+
W

� and Z Z, bb
pairs, ⌧+⌧� pairs, µ+

µ

� pairs and four leptons l+l�l+l�

are shown. These limits are found be as low as �95%C.L.

�

= 4⇥10�14 cm�2 s�1 for DMmasses ofO(10TeV). More-
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flux limit is less stringent than the corresponding two-
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B. Exclusion limits on the WIMP self-annihilation
cross-section.

In order to constrain the DM annihilation cross-
section, the procedure described in [16, 59] is followed,
and the uncertainty on the J-factor is incorporated as a
nuisance parameter in the profile likelihood of each tar-
get. For each dSph i, the distribution of its J-factor
can be described by a logNormal distribution, the mode,
log10(Ji), and standard deviation, �
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, of which are re-
ported in Table II.
The flux upper limits together with the astrophys-

ical factors can be used to constrain the WIMP self-
annihilation cross-section in a model specific context.
The confidence intervals on the velocity-weighted anni-
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■ The gamma ray spectrum, and 
thus the limits depend on the 
particles the DM annihilates into.  

■ Gamma rays produced in 
hadronization processes are 
typically softer, while leptons may 
emit final state radiation- leading to 
better limits at low energies.  

■ The plot to the right shows limits 
for some chosen decay channels.
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FIG. 7: Exclusion limit from the Sgr on the velocity-weighted
annihilation cross-section versus the DM particle mass m�

and under the hypothesis of DM particle annihilation in dif-
ferent channels.

sion bounds closer to the highest cross-section values ob-
tained in the proposed NMSSM scan. The higher sen-
sitivity of Cherenkov systems expected with the obser-
vations conducted by means of the H.E.S.S. fifth large
telescope and even more with the advent of the new
generation Cherenkov Telescope Array (CTA) observa-
tory [70], could constrain supersymmetric models that
are currently inaccessible to any ground- or space-based
experiment, including the LHC.

B. Comparison to models with Sommerfeld
enhancement

During the last few years, interesting new electron and
positron cosmic-ray data have been released: notably,
the PAMELA experiment reported an anomalous rise in
the positron fraction spectrum [71], independently con-
firmed later by Fermi-LAT [72], more recently by AMS-
02 [73], and complemented by the ATIC [74], Fermi-
LAT [75, 76] and H.E.S.S. [77, 78] measurements of the
total e+ + e

� flux. Despite the presence of several com-
peting astrophysical explanations (see [79] for a review),
a number of models appeared in the literature that pre-
dict very large DM self-annihilation cross-sections by in-
voking non-perturbative e↵ects that are ine�cient in the
primordial universe but can become extremely e�cient
at present times, close to the zero velocity limit (Som-
merfeld enhancement). These models typically also need
to be “leptophilic” to avoid other constraints, such as
excessive antiproton production.

The new H.E.S.S. exclusion bounds are compared to
the model-independent best-fit regions presented in [80].
These regions are, for di↵erent final states, adjusted
to PAMELA and AMS-02 positron fraction spectrum,
and independently to the total e+ + e

� flux measured
by Fermi-LAT and H.E.S.S. Given the large number of

Sommerfeld-enhanced models that have appeared in the
literature, instead of comparing the H.E.S.S. exclusion
bounds to specific theoretical models, it is chosen to com-
pare them to these representative values of masses and
cross-sections, anyway targeted by most of the relevant
model-building.
The results of the combined dSphs analysis for leptonic

channels are presented in Figure 9. This figure compares
the obtained limits to the (m

�

, h�annvi) values fitting the
AMS and PAMELA measurements of the positron frac-
tion (blue contours) and the Fermi-LAT and H.E.S.S.
measurements of the electron and positron fluxes (green
contours), assuming annihilation into a µ

+
µ

� final state.
The corresponding best-fit points assuming an e

+
e

�
e

+
e

�

or a µ

+
µ

�
µ

+
µ

� final state are also shown. In the
case of the two-muon channel, the new H.E.S.S. lim-
its exclude the most interesting part of the remaining
parameter space, in particular the regions reconciling
the AMS/PAMELA/Fermi-LAT/H.E.S.S. observations.
Moreover, the four-lepton best-fit points are at the verge
of exclusion, being less than a factor 2 away from the
bounds obtained in this work. Although not explicitly
shown here, the H.E.S.S. upper limits also confirm the
exclusion bounds obtained by the PAMELA, AMS and
Fermi-LAT collaborations assuming a ⌧

+
⌧

� annihilation
channel. It is worth to note once more that also in this
scenario, an increase in sensitivity with future Cherenkov
systems will enable a definitive independent test for the
DM interpretation of the positron excess.

VII. SUMMARY

During the last years, five dwarf spheroidal galaxies
have been observed with H.E.S.S. for more than 140

 (TeV)χm

-110 1 10

)
-1

 s3
 v

> 
(c

m
σ<

-2810

-2710

-2610

-2510

-2410

-2310

-2210

-2110

, ZZ-W+ W→ χχ
-τ+τ → χχ

NMSSM models

FIG. 8: Exclusion limits on the velocity-weighted annihila-
tion cross-section versus the DM particle mass. The limits
combine the results from the five dwarf galaxies assuming a
NFW DM density profile and two WIMP annihilation final
states: W+W�, Z Z and ⌧+⌧� channels. NMSSM models
scan is also shown (blue markers).


